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㠀⥺ᙧィ⏬ἲࢆ⏝࠸ࡓ CW࣮ࣞࢨ࣮᥎㐍ᶵࡢࣀࢬࣝᙧ≧ࡢ᭱㐺໬
Optimization of Nozzle Shape of a CW Laser Thruster by Nonlinear Programming
 
୰㔝 ṇ຾ 1) 
 
Masakatsu Nakano1)
 
Abstract: The nozzle shape of a CW laser thruster was optimized by non-linear programming (NLP) to explain the experimental re-
sults that the sub-chamber type nozzle shows superior performance to ordinary convergent-divergent nozzles. A quasi-one-
dimensional CFD code was developed that can deal with plasma flow and laser beam absorption by plasma. The amount of laser 
beam absorption was maximized by optimizing the nozzle shape using NLP.  The results showed that the optimized nozzle shape is a
sub-chamber type nozzle in the case that the inlet diameter of the nozzle is small.
Keywords : Optimum nozzle shape, CW laser thruster, Nonlinear programming
 
 
 ⥴ゝ
CW ࣮ࣞࢨ࣮᥎㐍ᶵࡣ㐃⥆Ⓨ᣺࣮ࣞࢨ࣮ග࡛ఏ㏦ࡉࢀࡓ
ࣃ࣮࣡ࢆࣟࢣࢵࢺ᥎㐍࡟⏝࠸ࡿࡶࡢ࡛ࠊእ㒊࠿ࡽ࢚ࢿࣝࢠ
ࢆ౪⤥ࡍࡿࡇ࡜࡛㟁※㔜㔞࡟ᣊ᮰ࡉࢀࡿࡇ࡜࡞ࡃࠊᚑ᮶ࡢ
ࣟࢣࢵࢺ᥎㐍௨ୖࡢᛶ⬟ࢆᚓࡿࡇ࡜ࡀ࡛ࡁࡿ࡜ᮇᚅࡉࢀ࡚
࠸ࡿ 1-3) ࠋ 
ᅗ 1ࡣ CW ࣮ࣞࢨ࣮᥎㐍ᶵࢆ᝿ᐃࡋ࡚⾜ࢃࢀࡓᩘ್ィ⟬
⤖ᯝࡢ୍౛࡛࠶ࡾࠊ࣮ࣞࢨ࣮Ⓨ᣺ჾ࠿ࡽᑟ࠿ࢀࡓ࣮ࣞࢨ࣮
ගࡣࢳࣕࣥࣂ࣮ෆ࡟↔Ⅼࢆ⤖ࡧ㧗 ࡢࣉࣛࢬ࣐ࢆ⏕ᡂࡋ࡚
࠸ࡿࠋࣉࣛࢬ࣐ࡣ㏫ไືᨺᑕ࡟ࡼࡾ࣮ࣞࢨ࣮ගࢆ྾཰ࡋࠊ
㍽ᑕගࡢ෌྾཰࡜㟁Ꮚࡢ⇕ఏᑟ࡟ࡼࡾ࢚ࢿࣝࢠࢆᚓࡿࡇ࡜
࡛⥔ᣢࡉࢀࡿࠋࡇࡢ࣮ࣞࢨ࣮࡟ࡼࡾຍ⇕࣭⥔ᣢࡉࢀࡓࣉࣛ
ࢬ࣐ࢆLaser-Sustained Plasma (LSP) ࡜⛠ࡋ࡚࠸ࡿࠋ 
ᅜෆ࡛ࡣ 2 kW⣭ࡢ CO2 CW ࣮ࣞࢨ࣮ࢆ⏝࠸ࡓ࣮ࣞࢨ࣮
᥎㐍ᶵ࡟㛵ࡍࡿᇶ♏ᐇ㦂࡞ࡽࡧ࡟ᩘ್ゎᯒࡀᮾி኱Ꮫ࡟࡚
⾜ࢃࢀ࡚࠸ࡿ 5-10)ࠋࡇࢀࡽࡢ◊✲࡟࠾࠸࡚ࠊࣀࢬࣝࡢள㡢㏿
㒊࡟๪ᐊ㸦ᅗ 1(b)ཧ↷㸧ࢆタࡅࡿࡇ࡜࡛ CW ࣮ࣞࢨ࣮᥎㐍
ᶵࡢ࢚ࢿࣝࢠኚ᥮ຠ⋡ࡀྥୖࡋࡓ⤖ᯝࡀ࠶ࡿࠋ 
CW ࣮ࣞࢨ࣮᥎㐍ᶵࡢ࢚ࢿࣝࢠኚ᥮ຠ⋡࡜࣮ࣞࢨ࣮྾཰
⋡࡟ࡣ㧗࠸┦㛵ࡀ࠶ࡿࡇ࡜ࡀ▱ࡽࢀ࡚࠾ࡾࠊࡲࡓࠊࣀࢬࣝ
ᙧ≧࡟ࡼࡗ࡚ࡶ࢚ࢿࣝࢠኚ᥮ຠ⋡ࡣᙳ㡪ࢆཷࡅࡿࠋᮏ✏࡛
ࡣࠊCW ࣮ࣞࢨ࣮᥎㐍ᶵ࡟࠾ࡅࡿ࣮ࣞࢨ࣮྾཰㔞࡟╔┠ࡋࠊ
ࣀࢬࣝᙧ≧ࡢ᭱㐺໬ࢆ⾜࠺ࡇ࡜࡛ࠊ๪ᐊ࡟㛵ࡍࡿᚑ᮶ࡢᐇ
㦂⤖ᯝࡢㄝ᫂ࢆ⾜࠺࡜࡜ࡶ࡟ࠊࡼࡾᛶ⬟ྥୖࡀぢ㎸ࡲࢀࡿ
ࣀࢬࣝᙧ≧࡟ࡘ࠸࡚㆟ㄽࢆ⾜࠺ࠋ
 
 ゎᯒ᪉ἲ࣭᮲௳
 ࣀࢬࣝቨ㠃ᙧ≧ࢆኚ࠼ࡿࡇ࡜࡛࣮ࣞࢨ࣮྾཰㔞ࢆቑຍࡉ
ࡏࡿࡇ࡜ࢆ┠ⓗ࡜ࡋࡓ᭱㐺໬ィ⟬ࢆ⾜࠺ࠋࣀࢬࣝቨ㠃ᙧ≧
ࢆ࠸ࡃࡘ࠿ࡢࣃ࣓࣮ࣛࢱࢆ⏝࠸࡚⾲ࡍࡇ࡜ࡀ࡛ࡁࡿࡼ࠺࡟
ࡋࠊCFD ィ⟬࡟ࡼࡾ LSP ࡀ⥔ᣢࡉࢀࡿᐦᗘ࣭ ᗘศᕸ➼ࢆ
ồࡵࠊ࣮ࣞࢨ࣮྾཰㔞ࢆホ౯ࡍࡿࠋࣃ࣓࣮ࣛࢱࡢ᭱㐺໬ᡭ
ἲ࡟ࡣࠊኚศἲࠊᩘ⌮ィ⏬ἲࠊ㑇ఏ㐺ⓗ࢔ࣝࢦࣜࢬ࣒࡞࡝
ᵝࠎ࡞᪉ἲࡀ࠶ࡿࡀࠊCFD ィ⟬ࢆ‽୍ḟඖィ⟬࡛༢⣧໬ࡋ
࡚⾜࠺ࡇ࡜࡛ࠊ┠ⓗ㛵ᩘࡸᣊ᮰᮲௳ᘧࡢᚤศ್ࢆ⌧ᐇⓗ࡞
᫬㛫࡛ィ⟬ࡍࡿࡇ࡜ࡀྍ⬟࡜࡞ࡿࡢ࡛ࠊࣟࣂࢫࢺ࡛཰᮰ᛶ
࡟ඃࢀࡓᩘ⌮ィ⏬ἲࢆ⏝࠸࡚ࣃ࣓࣮ࣛࢱࡢ᭱㐺໬ࢆ⾜ࡗ࡚
࠸ࡃࠋ 
 
1) ᮾி㒔❧⏘ᴗᢏ⾡㧗➼ᑓ㛛Ꮫᰯ ࡶࡢ࡙ࡃࡾᕤᏛ⛉ ⯟✵ᏱᐂᕤᏛࢥ࣮ࢫ
(a) ඛ⣽ᮎᗈࣀࢬࣝ
(b) ๪ᐊࣀࢬࣝ
ᅗ 1 ࣀࢬࣝᙧ≧ࡢᙳ㡪
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ᐃᘧ໬
ᅗ 1 ࡟♧ࡉࢀࡿࡼ࠺࡟ LSP ࡣࣀࢬࣝࡢඛ⣽㒊࠿ࡽࢫ࣮ࣟ
ࢺ㒊࡟࠿ࡅ࡚⥔ᣢࡉࢀࡿࡓࡵࠊゎᯒ㡿ᇦࢆள㡢㏿㒊࡟㝈ᐃ
ࡋ࡚ࡶၥ㢟࡞࠸ࠋ⌧ᅾࡢ࡜ࡇࢁࠊ࣮ࣞࢨ࣮᥎㐍ࡢὶࢀሙࡢ
ィ⟬࡟࠾࠸࡚ࡣࠊ㍽ᑕᦆኻࡢᐃ㔞ⓗ࡞ྲྀࡾᢅ࠸➼࡟ᮍゎỴ
ࡢ㒊ศࡶ࠶ࡾࠊཝᐦ࡞ 2 ḟඖ㍈ᑐ⛠ゎᯒࢆ⾜ࡗ࡚ࣀࢬࣝᙧ
≧ࢆᐃ㔞ⓗ࡟Ỵᐃࡍࡿ࡟ࡣ୙☜ᐃ࡞せ⣲ࡀከࡃ 9-11)ࠊぢ㏻ࡋ
ࡢࡼ࠸⤖ᯝࡀᚓࡽࢀࡿ࡜ࡶ㝈ࡽ࡞࠸ࠋࡑࡇ࡛ࠊࣀࢬࣝᙧ≧
ࢆ⪃៖ࡍࡿୖ࡛ᐇ⦼ࡀ࠶ࡾࠊィ⟬㈇Ⲵࡀᑡ࡞࠸‽୍ḟඖὶ
ࢀ࡛ᐃᘧ໬ࢆ⾜࠺ࠋ‽୍ḟඖࡢࣀࢬࣝὶࢀࡢ㉁㔞ࠊ㐠ື㔞ࠊ
࢚ࢿࣝࢠ࡟㛵ࡍࡿᘧࡣࠊࡑࢀࡒࢀ 
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ଵ
஺
ௗ஺
ௗ௭ (݁ + ݌)ݑ + ݍ୪ୟୱୣ୰ െ ݍ୰ୟୢ     (3) 
࡛࠶ࡿࠋࡇࡇ࡛ࠊߩ ࡣᐦᗘࠊݑ ࡣὶ㏿ࠊ݌ ࡣᅽຊࠊܣ ࡣࣀࢬ
᩿ࣝ㠃✚࡛࠶ࡿࠋࡲࡓࠊ݁ ࡣෆ㒊࢚ࢿࣝࢠࠊݍ୪ୟୱୣ୰ ࡣ࣮ࣞࢨ
࣮྾཰㔞ࠊݍ୰ୟୢ ࡣ㍽ᑕᦆኻࢆ⾲ࡍࡶࡢ࡜ࡍࡿࠋ 
᥎㐍๣࡜ࡋ࡚ࡣᐇ㦂➼࡛ከࡃ⏝࠸ࡽࢀࡿ࢔ࣝࢦࣥ࢞ࢫࢆ
⏝࠸ࡿࡇ࡜࡜ࡋࠊᖹ⾮≧ែ࠿ࡘ㔜⢏Ꮚ ᗘ࡜㟁Ꮚ ᗘࡶྠ
ࡌࡶࡢ࡜ࡍࡿࠋ࢔ࣝࢦࣥࡢ≧ែ᪉⛬ᘧࡣ㟁㞳ᗘࢆ ߙ ࡜ࡋ࡚ 
݌ = (1 + ߙ)ܴܶ                                      (4) 
࡛୚࠼ࠊ໬Ꮫ✀࡜ࡋ࡚ࡣ Ar, Ar+, e-ࢆ⪃៖ࡋࠊ㟁㞳ᗘࡣ Saha
ࡢᘧ࠿ࡽ⟬ฟࡋࡓࠋࡇࢀࡲ࡛ࡢᐇ㦂࡛ሗ࿌ࡉࢀ࡚࠸ࡿ LSP
ࡢ ᗘࡣ 16000 K⛬ᗘ࡛࠶ࡾࠊ20000 Kࢆ㉸࠼࡞࠸ࡇ࡜࠿ࡽ
2౯௨ୖࡢ࢖࢜ࣥࡣ⪃៖ࡋ࡚࠸࡞࠸ࠋ 
࣮ࣞࢨ࣮྾཰ ݍ୪ୟୱୣ୰࡟ࡘ࠸࡚ࡣࠊ࣮ࣞࢨ࣮ගࡢ㐍⾜᪉ྥ
࡟ࡘ࠸࡚ Beerࡢἲ๎࠿ࡽ 
ௗூ
ௗ௦ = െߢܫ                                           (5) 
ࢆ⏝࠸࡚୚࠼ࡿࠋ྾཰ಀᩘ ߢ ࡟ࡘ࠸࡚ࡣ㏫ไື㍽ᑕ࡛࠶ࡿ
ࡇ࡜࠿ࡽࠊ࢖࢜ࣥ࡜୰ᛶ⢏Ꮚࡑࢀࡒࢀࡢ྾཰ಀ  ᩘ
݇ூ = 1.37 × 10ିଶ଻ ீఒ
య
்బ.ఱ ݊௜݊௘ ቄ݁
బ.బభరయఴఴభ
ഊ೅ െ 1ቅ               (6) 
݇ே = 9.60 × 10ିହܶଶܣ(ܶ)ߣଷ݊௡݊௘ ቄ1 െ ݁ି
బ.బభరయఴఴభ
ഊ೅ ቅ   (7) 
ࢆ⏝࠸࡚ホ౯ࡍࡿ 12)ࠋࡇࡇ࡛ࠊܩ ࡣ Gaunt factorࠊܣ(ܶ)ࡣ
㟁Ꮚ୰ᛶ⢏Ꮚ㛫ࡢ⾪✺᩿㠃✚࡛࠶ࡿࠋ࡞࠾ࠊ‽୍ḟඖࣔࢹ
࡛ࣝ࠶ࡿࡢ࡛ࠊ࣮ࣞࢨ࣮ගࡢ༙ᚄ᪉ྥࡢᙉᗘศᕸ࡟ࡘ࠸࡚
ࡣ⪃៖ࡋ࡞࠸ࠋ 
LSP ࠿ࡽࡢ㍽ᑕ⇕㍺㏦࡟ࡘ࠸࡚ࡣ㍽ᑕ⇕ఏᑟ㏆ఝࢆ⏝࠸
ࡿࠋ⇕ఏᑟಀᩘ࡟ࡘ࠸࡚ࡣ࢔࣮ࢡᰕࡢᐇ㦂࠿ࡽᚓࡽࢀࡓ⇕
ఏᑟಀᩘ㸦ᅗ 2㸧ࢆ⏝࠸ࡿࡶࡢ࡜ࡍࡿ 12)ࠋ 
᭱㐺໬ࡢᑐ㇟࡜࡞ࡿࣀࢬࣝቨ㠃࡟ࡘ࠸࡚ࡣࠊࣀࢬࣝධཱྀ
࡜ࣀࢬࣝࢫ࣮ࣟࢺ㒊ࢆ⤖ࡪ᭤⥺࡛㏆ఝࡍࡿࠋࣟࢣࢵࢺࣀࢬ
ࣝࡢタィ࡛ࡣ㏆ఝ᭤⥺࡜ࡋ࡚ 2 ḟ㛵ᩘࡀ⏝࠸ࡽࢀࡿࡇ࡜ࡀ
ከ࠸ࡀࠊࣀࢬࣝධཱྀ࡜ࢫ࣮ࣟࢺ㒊ࢆ㏻㐣ࡍࡿ 2 ḟ㛵ᩘ࡛ࡣࠊ
๪ᐊࡢ㍈᪉ྥ఩⨨࡜๪ᐊ┤ᚄࢆ⊂⮬࡟Ỵࡵࡿࡇ࡜ࡣ࡛ࡁ࡞
࠸ࠋࡋࡓࡀࡗ࡚ࠊኚᩘࢆ 1 ࡘቑࡸࡋࡓ 3 ḟ㛵ᩘ࡛ࣀࢬࣝቨ
㠃ࢆ㏆ఝࡍࡿࡇ࡜࡜ࡍࡿࠋࡍ࡞ࢃࡕࠊࣀࢬࣝቨ㠃ࡣኚ  ᩘ
ݔଵ, ݔଶ ࡟㛵ࡍࡿḟࡢ 3ḟ㛵ᩘ࡛㏆ఝࡉࢀࡿࠋ 
ܣ(ݖҧ) = ߨ(ܴ୲୦୰୭ୟ୲ × തܴ)ଶ                             (8) 
തܴ(ݖҧ) = ቀ1 െ ݔଵ െ ݔଶ െ ோ౟౤ౢ౛౪ோ౪౞౨౥౗౪ቁ ݖҧ
ଷ + ݔଵݖҧଶ + ݔଶݖҧ + ோ౟౤ౢ౛౪ோ౪౞౨౥౗౪(9) 
ݖҧ = ௭ି௭౟౤ౢ౛౪௭౪౞౨౥౗౪ି௭౟౤ౢ౛౪                                    (10) 
ࡇࡇ࡛ࠊܴ୧୬୪ୣ୲, ܴ୲୦୰୭ୟ୲ ࡣࣀࢬࣝධཱྀ༙ᚄ࠾ࡼࡧࢫ࣮ࣟࢺ༙
ᚄࢆ♧ࡋࠊݖ୲୦୰୭ୟ୲, ݖ୧୬୪ୣ୲ ࡣࣀࢬࣝධཱྀ࠾ࡼࡧࢫ࣮ࣟࢺࡢ㍈ୖ
఩⨨ࢆ⾲ࡍࠋ 
࡞࠾ࠊ๪ᐊࡢ༙ᚄ࡟ୖ㝈 ܴୱ୳ୠ ࢆ୚࠼ࡿᚲせࡀ࠶ࡿࡢ࡛ࠊ
୙➼ᘧᣊ᮰᮲௳࡜ࡋ࡚ 
ܴ(ݖ) ൑ ܴୱ୳ୠ                                    (11) 
ࢆ㏣ຍࡍࡿࠋ 
௨ୖࡢᐃᘧ໬ࡢࡶࡢ࡛ࠊ࣮ࣞࢨ࣮྾཰㔞ࢆ᭱኱໬ࡍࡿ᭱
㐺ไᚚၥ㢟ࢆゎࡃࠋලయⓗ࡟ࡣ 
ไᚚኚᩘ㸸 ݔଵ, ݔଶ 
┠ⓗ㛵ᩘ㸸 ࣮ࣞࢨ࣮྾཰㔞 
➼ᘧᣊ᮰᮲௳㸸ᘧ (1)~(10㸧ࠊቃ⏺᮲௳ 
୙➼ᘧᣊ᮰᮲௳㸸ᘧ(11) 
࡜࡞ࡿࠋ 
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ὶయࡢᘧ(1)~(3)࡟ࡘ࠸࡚ࡣࠊ࣐ࢥ࣮࣐ࢵࢡἲࢆ⏝࠸࡚㝧
ⓗ࡟ゎ࠸ࡓࠋୖὶࡢቃ⏺᮲௳ࡣࠊ࢔ࣝࢦࣥ࢞ࢫࡢ඲ ᗘ࡜
ὶ㔞ࢆ୚࠼ࠊᅽຊࢆእᤄࡍࡿࠋୗὶቃ⏺ࡣ㉸㡢㏿ὶฟ᮲௳
࠿ࡽ୚࠼ࡿࠋࣀࢬࣝቨ㠃ࢆỴᐃࡍࡿࡓࡵࡢኚᩘࡢึᮇ್࡜
ࡋ࡚ࡣ  ݔଵ = ݔଶ = 0.5 ࡜ࡋࡓࠋ㍈᪉ྥࡢศ๭ᩘࡣ 64 ࡛࣓ࢵ
ࢩࣗࡢᖜࡣ➼㛫㝸࡛࠶ࡿࠋLSP ⏕ᡂࡢࡓࡵࡢึᮇ್࡜ࡋ࡚
ࣀࢬࣝࡢඛ⣽㒊ࡢ୰㛫ࡼࡾୗὶ࡛ ᗘࢆ୍ᚊ࡟ 13000 K࡜ࡋ
࡚୚࠼ࡓࠋ 
 
ᅗ 2  ⇕ఏᑟ⋡࡜ ᗘࡢ㛵ಀ
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᭱㐺໬ၥ㢟ࡢゎἲ࡜ࡋ࡚ࡣࠊ㏲ḟ 2 ḟィ⏬ἲࢆ⏝࠸ࡓ 14)ࠋ
㏲ḟ 2 ḟィ⏬ἲ࡛ࡣࠊ┠ⓗ㛵ᩘࡸᣊ᮰᮲௳ᘧ࡟㛵ࡍࡿᚤศ
ࡀᚲせ࡟࡞ࡿࡀࠊᩘ್ⓗ࡟୰ኸᕪศࢆྲྀࡿࡇ࡜࡛⾜ࡗࡓࠋ 
ࢫࣛࢫࢱࡢᙧ≧ࡸసື᮲௳࡜ࡋ࡚ࡣࠊẚ㍑ᑐ㇟࡜࡞ࡿᮾ
ி኱Ꮫ࡛ࡢᐇ㦂࡟㏆࠸సື᮲௳ࢆタᐃࡋࡓࠋࡇࢀࡽࢆ⾲ 1
࡟♧ࡍࠋ 
 
ィ⟬⤖ᯝཬࡧ⪃ᐹ
 ࣀࢬࣝᙧ≧
 ᅗ 3 ࡟ࣀࢬࣝධཱྀᚄࡀ 4 mm ࡜ 8 mm㸦ᅗࡢ୰࡛ࡣ
ܴ୧୬୪ୣ୲/ܴ୲୦୰୭ୟ୲ = 4, 8࡜♧ࡍ㸧㸪ࢫ࣮ࣟࢺ࠿ࡽࣀࢬࣝධཱྀࡲ࡛ 
25 mm࡜ 50 mm㸦 ܮ୧୬୪ୣ୲/ܴ୲୦୰୭ୟ୲ = 25, 50)ࡢሙྜ࡟࠾ࡅࡿ᭱
㐺໬ࡉࢀࡓࣀࢬࣝቨ㠃ࡢᙧ≧࡜࣮ࣞࢨ࣮྾཰㔞ࢆ♧ࡍࠋ㍈
ୖ఩⨨ 0 mm ࡀࣀࢬࣝࢫ࣮ࣟࢺ㒊࡟ᑐᛂࡋࠊ࣐࢖ࢼࢫ᪉ྥࡀ
ࣀࢬࣝධཱྀ࡛࠶ࡿࠋ๪ᐊࡢ༙ᚄࡢୖ㝈࡜ࡋ࡚ࡣࠊࣀࢬࣝධ
ཱྀᚄࡢࡶࡢ㸦๪ᐊࢆタࡅ࡞࠸༢⣧࡞ඛ⣽ࣀࢬࣝ࡟┦ᙜ㸧࡜ 
ܴୱ୳ୠ/ܴ୲୦୰୭ୟ୲ ൑ 10, 15ࡢ 3 ࡘ࡟ࡘ࠸࡚♧ࡋ࡚࠸ࡿࠋᅗ 3 ࡟♧
ࡉࢀࡿ࡜࠾ࡾࠊ඲࡚ࡢሙྜ࡟࠾࠸࡚ࠊࣀࢬࣝቨࡢ୍㒊ࡀタ
ᐃࡋࡓ๪ᐊᚄࡢୖ㝈࡟㐩ࡍࡿࡲ࡛ࣀࢬ༙ࣝᚄࢆᣑ኱ࡋࡓࡶ
ࡢࡀ᭱㐺ゎ࡜࡞ࡗࡓࠋ 
 ๪ᐊࡢ༙ᚄࡢୖ㝈ࢆࣀࢬࣝධཱྀᚄࡲ࡛࡟タᐃࡋࡓࡶࡢ࡛
ࡣࠊධཱྀ࠿ࡽࢫ࣮ࣟࢺࡲ࡛ࡢ㊥㞳ࡀ㛗࠸ ܮ୧୬୪ୣ୲/ܴ୲୦୰୭ୟ୲ = 50
࡛ࠊܴ୧୬୪ୣ୲/ܴ୲୦୰୭ୟ୲ = 4࡛ 332.2 Wࠊܴ୧୬୪ୣ୲/ܴ୲୦୰୭ୟ୲ = 8  ࡛1994 
W ࡜ࠊࣀࢬࣝධཱྀᚄࡢ㐪࠸࡟ࡼࡾ࣮ࣞࢨ࣮྾཰㔞࡟ᕪࡀ⏕
ࡌ࡚࠸ࡿࠋࡇࡢഴྥࡣࣀࢬࣝධཱྀ࠿ࡽࡢ㊥㞳ࡀ▷࠸ 
ܮ୧୬୪ୣ୲/ܴ୲୦୰୭ୟ୲ = 25  ࡛ࡶྠࡌ࡛࠶ࡾࠊܴ୧୬୪ୣ୲/ܴ୲୦୰୭ୟ୲ = 4  ࡛
94.62 Wࠊܴ୧୬୪ୣ୲/ܴ୲୦୰୭ୟ୲ = 8  ࡛1751 W࡛࠶ࡿࠋ୍᪉࡛ࠊ๪ᐊ
༙ᚄࡢୖ㝈ࢆࣀࢬࣝධཱྀᚄࡼࡾࡶ኱ࡁࡃࡋࡓࡶࡢ㸦ලయⓗ
࡟ࡣ ܴୱ୳ୠ/ܴ୲୦୰୭ୟ୲ ൑ 10, 15㸧࡛ࡣࠊࣀࢬࣝධཱྀᚄࡢᕪ࡟ࡼ
ࡿ㐪࠸ࡣ࡯࡜ࢇ࡝ぢࡽࢀ࡞࠸ࠋ 
ࡇࡢ๪ᐊᙧ≧ࡀ⌧ࢀࡿ⌮⏤࡛࠶ࡿࡀࠊ௒ᅇࡢ᭱㐺໬ᣦᶆ
࡜࡞ࡗࡓ࣮ࣞࢨ࣮྾཰㔞ࢆቑຍࡉࡏࡿࡓࡵ࡟ࡣ࣮ࣞࢨ࣮྾
཰ಀᩘࡀ኱ࡁࡅࢀࡤࡼ࠸ࠋ࢖࢜ࣥ࡟ࡼࡿ྾཰ࡢሙྜࠊᘧ(6)
ࡼࡾ࣮ࣞࢨ࣮྾཰ಀᩘࡣᐦᗘࡢ 2 ஌࡟ẚ౛ࡋࠊ ᗘࡢᖹ᪉
᰿࡟཯ẚ౛ࡍࡿࠋࡋࡓࡀࡗ࡚ࠊᐦᗘࡀୗࡀࢀࡤ྾཰ಀᩘࡶ
ᑠࡉࡃ࡞ࡿࡢ࡛ࠊLSP ࡢ⥔ᣢሙᡤࡣᐦᗘࡀᛴ⃭࡟ῶᑡࡍࡿ
ࢫ࣮ࣟࢺ㏆ഐࢆ㑊ࡅࡿᚲせࡀ࠶ࡿࠋLSP ࡢ⥔ᣢሙᡤࡣὶ㏿
ࡀୗࡀࢀࡤୖὶ࡟ືࡃࡢ࡛ࠊ᩿㠃✚ࢆ኱ࡁࡃࡋ࡚๪ᐊᙧ≧
ࢆసࡾࠊὶ㏿ࢆᑠࡉࡃࡍࡿࡇ࡜ࡀࠊ࣮ࣞࢨ࣮྾཰㔞ࢆቑࡸ
ࡍຠᯝࡀ࠶ࡿࠋ 
 ࣮ࣞࢨ࣮྾཰㔞ࡢኚ໬
ᅗ 4 ࡟♧ࡍࡢࡣࠊࣀࢬࣝධཱྀ༙ᚄẚ ܴ୧୬୪ୣ୲/ܴ୲୦୰୭ୟ୲࡟ᑐࡍ
ࡿ࣮ࣞࢨ࣮྾཰㔞ࡢ㛵ಀ࡛࠶ࡿࠋᐇ⥺ࡣ๪ᐊᚄࡢୖ㝈࡜ࡋ
⾲ 1 ᙧ≧࣭సື᮲௳
Nozzle
Throat diameter 1 mm
Inlet diameter 4, 5, 6, 8 mm
Straight section length 25, 50 mm
Propellant
Argon Ar, Ar+, e-
Mass flow rate 110-4 kg/s
Inlet Stagnation pressure ExtrapolationStagnation temperature 300 K
Laser Wavelength 10.6 PmPower 2000 W
ᅗ 3 ධཱྀᚄ࡜๪ᐊᚄ࡟ᑐࡍࡿ᭱㐺໬ࡉࢀࡓࣀࢬࣝቨ㠃
ᙧ≧࡜࣮ࣞࢨ࣮྾཰㔞ࠋ
ᅗ 4 ࣮ࣞࢨ࣮྾཰㔞ࡢẚ㍑㸦ܮ୧୬୪ୣ୲/ܴ୲୦୰୭ୟ୲ = 50㸧
ᅗ 5 ࣮ࣞࢨ࣮྾཰㔞ࡢẚ㍑㸦ܮ୧୬୪ୣ୲/ܴ୲୦୰୭ୟ୲ = 25㸧
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࡚ࣀࢬࣝධཱྀᚄࢆ୚࠼ࡓࡶࡢ࡛࠶ࡾࠊ๪ᐊࢆタࡅ࡞࠸㏻ᖖ
ࡢඛ⣽ࣀࢬࣝ࡟┦ᙜࡍࡿࠋࣀࢬࣝධཱྀࡀࡇࢀࡼࡾࡶᑠࡉ࠸ 
ܴ୧୬୪ୣ୲/ܴ୲୦୰୭ୟ୲ = 4ࡢሙྜ࡟ࡣࠊ࣮ࣞࢨ࣮྾཰㔞ࡣ๪ᐊࢆࡘ
ࡅࡿࡇ࡜࡛ቑຍࡋࠊ๪ᐊᚄࡢୖ㝈ࡀ኱ࡁ࠸ࡶࡢ࡯࡝኱ࡁ࡞
࣮ࣞࢨ࣮྾཰㔞ࢆ⋓ᚓࡋ࡚࠸ࡿࠋࡇࢀࡣࠊࣀࢬࣝධཱྀᚄࡀ
ᑠࡉ࠸ሙྜ࡟ࡣࣀࢬࣝෆࡢὶ㏿ࡀ㧗ࡃ࣮ࣞࢨ࣮྾཰㔞ࡀᑡ
࡞࠸≧ែ࡟࠶ࡾࠊ๪ᐊ࡟ࡼࡿὶ㊰᩿㠃✚ࡢᣑ኱ࡀࡶࡓࡽࡍ
ຠᯝࡀ኱ࡁ࠸࠿ࡽ࡛࠶ࡿࠋ୍᪉ࠊܴ୧୬୪ୣ୲/ܴ୲୦୰୭ୟ୲ = 8ࡢࡼ࠺
࡞ࣀࢬࣝධཱྀ㠃✚ࡀ኱ࡁ࠸ሙྜ࡟ࡣࠊ࣮ࣞࢨ࣮྾཰㔞ࡀࡶ
࡜ࡶ࡜኱ࡁ࠸ࡢ࡛๪ᐊࢆタࡅࡿຠᯝࡀ┦ᑐⓗ࡟ᑠࡉࡃ࡞ࡿࠋ 
ᅗ 5 ࡣྠᵝࡢィ⟬ࢆࢫ࣮ࣟࢺ࠿ࡽࣀࢬࣝධཱྀࡲ࡛ࡢ㊥㞳
ࢆᅗ 4ࡢ༙ศࡢ ܮ୧୬୪ୣ୲/ܴ୲୦୰୭ୟ୲ = 25 ࡜ࡋࡓࡶࡢ࡛࠶ࡿࠋ๪ᐊ
ࡢຠᯝࡣࣀࢬࣝධཱྀᚄࡀ኱ࡁ࠸ࡶࡢ࡟ࡲ࡛ᣑ኱ࡋ࡚࠸ࡿࠋ
ࡇࢀࡣࣀࢬࣝࡢ㛗ࡉࡀ▷ࡃ࡞ࡗࡓࡇ࡜࡟ࡼࡗ࡚྾཰㛗ࡀ▷
ࡃ࡞ࡾࠊ࣮ࣞࢨ࣮྾཰㔞ࡀ༑ศ࡟☜ಖ࡛ࡁ࡞࠸࡜ࡇࢁࢆࠊ
๪ᐊ࡟ࡼࡿὶ㊰㠃✚ࡢᣑ኱࡛⿵࠺ࡇ࡜ࡀ࡛ࡁࡓ⤖ᯝ࡛࠶ࡿ
࡜⪃࠼ࡽࢀࡿࠋ 
௨ୖࠊᅗ 5, 6 ࡢ⤖ᯝ࠿ࡽࠊ㏻ᖖࡢඛ⣽ࣀࢬ࡛ࣝ༑ศ࡞ࣞ
࣮ࢨ࣮྾཰㔞ࡀぢ㎸ࡲࢀ࡞࠸ሙྜ࡟ࡣࠊ๪ᐊ࡟ࡼࡿὶ㊰ᣑ
኱࡛࣮ࣞࢨ࣮྾཰㔞ࡢᣑ኱ࡀぢ㎸ࡲࢀࡿࡇ࡜ࡀ᫂ࡽ࠿࡟࡞
ࡗࡓࠋࡲࡓࠊࣀࢬࣝධཱྀ࠿ࡽࢫ࣮ࣟࢺࡲ࡛ࡢ㊥㞳ࡀ▷࠸ሙ
ྜ࡟ࠊ๪ᐊࡢຠᯝࡣࡼࡾ኱ࡁࡃ࡞ࡿࠋ 
  ᗘ࣭࣮ࣞࢨ࣮྾཰ศᕸ
ᅗ 6 ࡟♧ࡍࡢࡣࣀࢬࣝ㍈ୖࡢྛ఩⨨࡟࠾ࡅࡿ ᗘ࡛࠶ࡿࠋ
ୖ༙ศࡀ  ܮ୧୬୪ୣ୲/ܴ୲୦୰୭ୟ୲ = 50ࠊୗ༙ศࡀ ܮ୧୬୪ୣ୲/ܴ୲୦୰୭ୟ୲ = 50 
ࢆ⾲ࡋ࡚࠸ࡿࠋࣀࢬࣝධཱྀ࠿ࡽࢫ࣮ࣟࢺࡲ࡛ࡢ㊥㞳ࡀ㐪࠺
ࡓࡵ࡟㧗 㡿ᇦ఩⨨࡟㐪࠸ࡀฟࡿࡶࡢࡢഴྥࡣྠࡌ࡛࠶ࡿࠋ
ࡍ࡞ࢃࡕࠊࣀࢬࣝධཱྀᚄࡀᑠࡉ࠸ܴ୧୬୪ୣ୲/ܴ୲୦୰୭ୟ୲ = 4࡛ࡣ๪
ᐊࢆタࡅ࡞࠸ሙྜ࡟㧗 㡿ᇦࡀࢫ࣮ࣟࢺᐤࡾ࡛࠶ࡾࠊ
ܴ୧୬୪ୣ୲/ܴ୲୦୰୭ୟ୲ = 8࡛ࡣୖὶഃ࡟㧗 ᇦࡀ࠶ࡿࠋࡑࡋ࡚ࠊ๪
ᐊࢆタࡅࡿࡇ࡜࡛㧗 㡿ᇦࡣୖὶ࡟⛣ືࡋࠊ๪ᐊᚄࡢୖ㝈
ࡀ ܴୱ୳ୠ/ܴ୲୦୰୭ୟ୲ ൑ 10, 15ࡢሙྜ࡟ࡣࠊࣀࢬࣝධཱྀᚄࡢ㐪࠸
࡟ࡼࡿᕪࡣ࡯࡜ࢇ࡝࡞ࡃ࡞ࡿࠋࡇࡢ⤖ᯝࡣࠊ᭱㐺໬ࡉࢀࡓ
 ᗘศᕸࢆỴᐃࡍࡿࡢࡣ๪ᐊࡢ఩⨨࡜᭱኱ᚄ࡛࠶ࡾࠊධཱྀ
ᚄ࡞࡝ࡢୖὶࡢ≧ែ࡜ࡣ↓㛵ಀ࡛࠶ࡿࡇ࡜ࢆ♧ࡋ࡚࠸ࡿࠋ 
ྠᵝ࡟࣮ࣞࢨ࣮྾཰㔞࡟ࡘ࠸࡚ᅗ 7 ࡟♧ࡍࠋᅗ 6 ࡢ ᗘ
ศᕸ࡟ᑐᛂࡋࡓ⤖ᯝࡀᚓࡽࢀ࡚࠾ࡾࠊ๪ᐊᚄࡢୖ㝈ࡀ኱ࡁ
ࡃ࡞ࡿ࡜ࣀࢬࣝධཱྀᚄ࡟ᑐࡍࡿ౫Ꮡࡣᾘ࠼ࠊྠࡌ࣮ࣞࢨ࣮
྾཰ศᕸ࡜࡞ࡿࠋ㐪࠸ࡀ⏕ࡌ࡚࠸ࡿࡢࡣࠊࣀࢬࣝධཱྀᚄࡀ
␗࡞ࡾ࠿ࡘ๪ᐊࢆタࡅ࡞࠸ሙྜ࡛࠶ࡿࠋ 
 
⤖ゝ
 CW ࣮ࣞࢨ࣮᥎㐍ᶵࡢࣀࢬࣝᙧ≧࡟ࡘ࠸࡚ࠊ࣮ࣞࢨ࣮྾
཰㔞ࡀ᭱኱࡜࡞ࡿࡼ࠺࡟‽୍ḟඖὶయゎᯒ࡜㠀⥺ᙧィ⏬ἲ
ࢆ⤌ࡳྜࢃࡏࡓ᭱㐺໬ࢆ⾜ࡗࡓࠋᮏ◊✲࡛ᚓࡽࢀࡓ⤖ㄽࡣ
௨ୗࡢ㏻ࡾ࡛࠶ࡿࠋ 
1) ࣀࢬࣝᙧ≧ࢆ᭱㐺໬ࡋࡓ⤖ᯝࠊ๪ᐊࢆᣢࡘᙧ≧ࡀ࣮ࣞ
ࢨ࣮྾཰㔞ࢆ᭱኱໬ࡍࡿࡇ࡜ࡀศ࠿ࡗࡓࠋࡇࢀࡣࣀࢬ
ࣝୖὶഃ࡟๪ᐊ≧ࡢ࣮ࣞࢨ࣮྾཰㒊ࢆᣢࡘ࡜࣮ࣞࢨ࣮
྾཰ᛶ⬟ࡀྥୖࡍࡿ࡜࠸࠺ᐇ㦂⤖ᯝ࡜ᩚྜࡍࡿࠋ 
2) ๪ᐊ༙ᚄࢆቑຍࡉࡏࡿࡇ࡜࡛࣮ࣞࢨ࣮྾཰㔞ࡀቑຍࡍ
ࡿࠋࡇࡢቑຍഴྥࡣࠊྠ୍ධཱྀᚄ࡛ඛ⣽ࣀࢬࣝࢆ⏝࠸
ࡓ㝿ࡢᛶ⬟ࡀప࠸ࡶࡢ࡯࡝኱ࡁࡃ࡞ࡿࠋ 
3) ࣀࢬࣝධཱྀ࠿ࡽࢫ࣮ࣟࢺࡲ࡛ࡢ㛗ࡉࡀ▷࠸ࣀࢬ࡛ࣝ๪
ᐊࢆタࡅࡿຠᯝࡣ㧗࠸ࠋ 
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ᅗ 6  ᗘศᕸࡢẚ㍑
ᅗ 7 ࣮ࣞࢨ࣮྾཰㔞ࡢẚ㍑
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